Here it is demonstrated that the yeast Saccharomyces cerevisiae can take up and assemble at least 38 overlapping single-stranded oligonucleotides and a linear double-stranded vector in one transformation event. These oligonucleotides can overlap by as few as 20 bp, and can be as long as 200 nucleotides in length. This straightforward scheme for assembling chemically-synthesized oligonucleotides could be a useful tool for building synthetic DNA molecules.
INTRODUCTION
Chemically synthesized oligonucleotides are often joined into larger DNA fragments containing full-length genes. This was first demonstrated in 1970 when Khorana and colleagues synthesized the 77 nucleotide gene encoding a yeast alanine transfer RNA from 17 overlapping oligonucleotides (1) . Since then, chemical oligonucleotide synthesis has improved tremendously (2) and a number of in vitro enzymatic strategies are available for the assembly of oligonucleotides into larger constructs (3) (4) (5) .
The capacity of the yeast Saccharomyces cerevisiae to take up and recombine DNA fragments has made it a model eukaryote for studying numerous cellular processes and human diseases (6) (7) (8) , and a platform for biofuel production (9) and drug discovery (10, 11) . But, this capacity has also made it a tractable organism for developing new technologies (12) . DNA sequences can be genetically altered at will by transforming yeast with either doublestranded (ds) DNA fragments (13) or single-stranded (ss) oligonucleotides (14) . In addition, homologous recombination in yeast can be used to build DNA fragments from overlapping constituent parts. This was first demonstrated when a plasmid was constructed from two dsDNA fragments containing homologous ends (15) . Two nonhomologous dsDNA fragments can also be bridged by ss oligonucleotides that join the ends of the two fragments (16) . Previously, we showed that six overlapping dsDNA fragments could be assembled by yeast into an entire Mycoplasma genitalium genome (17) . Subsequently, this process was improved and 25 overlapping fragments, between 17 and 35 kb in length, were assembled at once into this genome (18) . Later work showed that six smaller fragments were also acceptable (19) .
To turn yeast into a 'factory' able to produce whole genomes and large constructs of any reasonable sequence, what remains is to demonstrate the assembly of chemically synthesized oligonucleotides into appropriate dsDNA molecules in yeast ( Figure 1 ). For this to succeed, a single yeast cell would need to take up all of the necessary oligonucleotides as well as a vector that overlaps the terminal oligonucleotides. These pieces would then need to be assembled within the nucleus. This is achievable and is demonstrated below. Thus, a methodology that could lead from oligonucleotides to whole chromosomes while requiring little more expertise than yeast transformation is introduced.
MATERIALS AND METHODS

Assembly vector preparation
The yeast/Escherichia coli shuttle vector, pRS313 (20) , was linearized by restriction digestion with Bam HI then extracted from an agarose gel following electrophoresis. This linearized vector was then PCR-amplified using the Phusion Hot Start High-Fidelity DNA Polymerase with HF Buffer [New England Biolabs (NEB)] with primers pRS313 Universal Assembly For (5 0 -gatcctctagagtcgacctg caggaattcgatatcaagcttatcg-3 0 ) and pRS313 Universal Assembly Rev (5 0 -cgggtaccgagctcgaattcggagctccaattcgccc tat-3 0 ). One hundred microliter reactions were setup using 0.04 ng/ml linearized pRS313, 500 nM each primer, 200 mM each dNTP, 1Â HF Buffer with 0.5 mM additional MgCl 2 , and 20 U/ml enzyme. Cycling parameters were 98 C for 30 s, then 30 cycles of 98 C for 10 s, 60 C for 30 s and 72 C for 4 min, followed by a single 72 C incubation for 5 min. PCR products were extracted from agarose gels following electrophoresis then purified using the QIAquick Gel Extraction Kit (Qiagen) according to the instructions provided. The PCR-amplified vector was quantified and diluted to 100 ng/ml.
Preparation of the oligonucleotides that were assembled in yeast
The oligonucleotides used for in vivo assembly were purchased from Integrated DNA Technologies (IDT) unmodified with standard desalting, at the 10 or 4 nmol scale (Ultramers), and suspended to 50 mM with Tris/ EDTA (TE) buffer pH 8.0. Equal volumes of each oligonucleotide were pooled then diluted in TE pH 8.0 buffer to a per oligonucleotide concentration of 60 or 240 nM (Ultramers).
Yeast spheroplast transformation
The yeast spheroplast transformation procedure was carried out using a published protocol with the highly transformable VL6-48N yeast strain (21) . A similar strain can be purchased from the American Type Culture Collection (ATCC no. MYA-3666). Frozen competent spheroplasts were stored at À80 C in 1 M Sorbitol and 15% DMSO, as previously described (22) . Cells were grown to an OD 600 of 0.5-1.0 prior to preparation of yeast spheroplasts. Twenty microliters of the oligonucleotide pool and 2 ml PCR-amplified pRS313 were mixed with $10 8 yeast spheroplasts. Following transformation, yeast spheroplasts were regenerated and selected on complete supplemental medium without histidine (CSM-His) and 1 M sorbitol agar plates for 3 days at 30 C.
PCR analysis of yeast clones
Individual yeast colonies were picked into 1.0 ml CSM-His liquid medium and incubated overnight at 30 C. DNA was extracted from these cells using the ChargeSwitch Plasmid Yeast Mini Kit (Invitrogen) according to the provided manual. PCR was carried out with Phusion polymerase with 1 ml DNA template and primers M13F (5 0 -tgtaaaacgacggccagt-3 0 ) and M13R (5 0 -caggaaacagctat gacc-3 0 ) as above, except primers were annealed at 55 C and product extension was for 30 or 60 s. Two microliters of each reaction were loaded onto a 0.8% E-gel (Invitrogen) and 72 V was applied for 30 min. DNA bands were visualized with a Typhoon 9410 Fluorescence Imager.
Sequence analysis of E. coli containing assembled products transferred from yeast From each oligonucleotide transformation experiment, 96 individual yeast colonies were picked into 1 ml CSM-His liquid medium and incubated overnight at 30 C. Approximately 10 ml of each culture was pooled. DNA was extracted from this pool using the ChargeSwitch Plasmid Yeast Mini Kit (Invitrogen), as above. Three microliters were electroporated into 30 ml TransforMax EPI300 (Epicentre) electrocompetent E. coli cells in a 1 mm cuvette (BioRad) at 1200 V, 25 mF and 200 X using a Gene Pulser Xcell Electroporation System (BioRad). Cells were allowed to recover at 37 C for 1 h in 1 ml SOC medium then plated onto LB medium + 100 mg/ml carbenicillin. Following incubation at 37 C for 18 h, individual colonies were selected and grown in 1 ml LB medium + 100 mg/ml carbenicillin. Plasmid DNA was then extracted from these cells using a Qiagen miniprep kit. Both strands of the insert DNA were sequenced with the M13F and M13R primers, as indicated in the text. Standard sequencing reactions were carried out on a 3100 sequencer (Applied Biosystems). Trace files were aligned with the reference sequences (see below) by ClustalW Multiple alignment (23), contained within the BioEdit Sequence Alignment Editor software. The synthesis error rate was determined by dividing the number of errors in the complete insert clones by the total number of bases synthesized, and then multiplying by 100 to produce a percentage.
DNA sequences of the synthesized fragments
Each synthetic DNA fragment begins with 5 0 -GAATT CGAGCTCGGTACCCGgcggccgc-3 0 and ends with 5 0 -gcggccgcGATCCTCTAGAGTCGACCTG-3 0 . Regions containing homology to PCR-amplified pRS313 are capitalized. NotI sites are italicized and are included to release the synthetic DNA fragment from the vector. Figure 1 . Schematic overview and timeline for the assembly of overlapping ssDNA oligonucleotides (orange lines with blue circles) into a linear dsDNA yeast/E. coli shuttle vector (pRS313; grey) within the nucleus of a yeast cell. Following a single transformation event, a synthetic dsDNA fragment (orange) is produced. These fragments are recovered from yeast and then transferred to E. coli for more efficient amplification.
Preparation of yeast spheroplasts
Oligonucleotides 1-38 u ( Supplementary Table S1 ) produce the DNA sequence found at 227-1340 bp of pRS316 (20) . Oligonucleotides A-H and Arc-Hrc ( Supplementary Table S2 ) produce the DNA sequence found at 6115-6398 bp of the mouse mitochondrial genome (24) . Oligonucleotides 1-28 g ( Supplementary  Table S3 ) produce the DNA sequence found at 227-1310 bp of pRS316. Oligonucleotides HF1-HF6 ( Supplementary Table S4 ) produce the DNA sequence found at 227-1270 bp of pRS316.
RESULTS
As many as 38 overlapping oligonucleotides can be assembled in yeast at once
To determine the capacity for oligonucleotide assembly in yeast, a 1170 bp DNA sequence was split into 38 60-mers (named 1-38 u) that overlap each other by 30 bp (Figure 2a ). The terminal oligonucleotides 1 and 38 u also contain a 20 bp overlap to PCR-amplified pRS313, a shuttle vector that allows for selection of the assembled oligonucleotides in yeast and E. coli. Approximately 10 8 yeast cells were made competent for transformation as described earlier (21) . They were then added to a DNA pool containing each of the 38 oligonucleotides and 200 ng PCR-amplified pRS313 vector (60 fmol or $360 molecules per yeast spheroplast). Each oligonucleotide was used at 20-fold molar excess relative to the vector. Following transformation, yeast cells were plated on selective medium. Incubation at 30 C for 72 h produced $1000 colonies. The number of colonies obtained could be increased by raising the oligonucleotide concentration ( Supplementary Table S5 ). DNA was extracted from 12 individual colonies then analyzed by PCR with primers M13F and M13R to identify fulllength assemblies (Figure 2b ). Five out of 12 colonies screened produced the PCR amplicon predicted for proper in vivo assembly of all 38 pieces. This provided strong evidence that yeast has the capacity to take up and correctly assemble at least 38 overlapping oligonucleotides into a vector.
To determine the accuracy of synthetic DNA construction by this method, 96 yeast colonies were randomly selected and grown to stationary phase in selective medium then pooled. Plasmid DNA was extracted from this pool and then electroporated into E. coli, a more suitable host for producing copies of the plasmid DNA. The assembled inserts from 79 individual E. coli colonies were sequenced then analyzed (Table 1) . Fifty-two out of 79 (66%) of these clones had the oligonucleotides properly assembled into the full-length product. This confirmed our results above ( Figure 2b ). Furthermore, of these full-length products, six (11.5%) perfectly matched the designed sequence (see Supplementary Table S6 for a complete list of errors). Thus, this method (outlined in Figure 1 ) can be used to produce error-free synthetic DNA fragments.
Oligonucleotides containing 20 bp overlaps can be assembled in yeast
Reducing the size of the overlap between oligonucleotides allows for larger stretches of DNA to be synthesized from fewer constituent parts. However, any resulting gaps would need to be filled in vivo. Figure 2 demonstrates the successful assembly of the terminal oligonucleotides and the vector with only 20 bp overlaps. And, these results show that 10 bp gaps can be filled in vivo. To determine whether smaller overlaps could be used to assemble oligonucleotides in yeast, eight 60-mers (named A-H) were designed with 20 bp overlaps (Figure 3a) . The reverse complements of these same oligonucleotides (named ArcÀHrc) were also designed ( Figure 3b ). In this case, the 3 0 -ends of the terminal oligonucleotides, and not the 5 0 -ends, are to be recombined with the vector. Both sets of these oligonucleotides would produce the exact 340 bp synthetic DNA fragment. Yeast transformation of each set of oligonucleotides with the overlapping vector resulted in $1000 colonies. From each transformation, DNA was extracted from four yeast clones and then analyzed by PCR with primers M13F and M13R. Three out of four colonies screened for the assembly of oligonucleotides AÀH (Figure 3c ) and four out of four colonies screened for the assembly of oligonucleotides Arc to Hrc (Figure 3d ) produced a PCR amplicon predicted for a full-length assembly. This data shows that yeast can be used to assemble oligonucleotides that overlap by as few as 20 bp. This analysis also revealed that the 3 0 -or 5 0 -ends of the oligonucleotides can be recombined with the ends of the vector.
To determine whether a large number of oligonucleotides could be assembled with shorter overlaps, 28 60-mers (named 1-28g) that overlap by 20 bp were designed to produce a 1140 bp synthetic DNA fragment (Figure 3e ). With the exception of 30 bp, this sequence is exactly the same as the one produced by oligonucleotides 1-38 u (Figure 2a ). Yeast transformation of oligonucleotides 1-28 g with the vector resulted in 300 colonies. As above, the number of colonies obtained could be increased by adding more oligonucleotides ( Supplementary Table  S5 ). DNA was extracted from 12 of these, then analyzed by PCR with primers M13F and M13R to identify fulllength assemblies (Figure 3f ). Seven out of 12 colonies screened produced the PCR amplicon predicted for proper in vivo assembly of all pieces. This shows that yeast can assemble at least 28 oligonucleotides that share only 20 bp overlapping sequence. To better demonstrate this, and to determine the accuracy of synthetic DNA construction by this method, DNA was extracted from a pool of 96 yeast colonies and then electroporated into E. coli, as described above. The assembled inserts from 28 individual E. coli colonies were sequenced then analyzed ( Table 1 ). Eighteen out of 28 clones (64.3%) had the oligonucleotides properly assembled into the full-length product. This confirmed our results above (Figure 3f ). Of the 18 full-length clones, three of them (16.7%) perfectly matched the designed sequence (see Supplementary Table 7 for a complete list of errors). These results show that yeast has the capacity to accurately produce DNA fragments from at least 28 chemically synthesized oligonucleotides that overlap by as few as 20 bp.
Assembly with 200-mer oligonucleotides that have 20 bp overlaps
The results above show that yeast can fill 20 nucleotide gaps that are produced following oligonucleotide assembly (Figure 3 ). To determine whether larger gaps can be filled when longer oligonucleotides are used, six 200-mer high-fidelity Ultramer oligonucleotides (named HF1-HF6) having 20 bp overlaps were designed to produce a 1.1 kb DNA fragment (Figure 4a ). This design requires yeast to fill 160 nucleotide gaps. With the exception of 70 bp, this sequence is exactly the same as the one produced by oligonucleotides 1-38 u (Figure 2a ). Following yeast transformation of these oligonucleotides with the vector, $200 colonies were obtained. As above, DNA was extracted from a pool of 96 colonies and then electroporated into E. coli. Plasmid DNA was extracted from 10 E. coli colonies, and then NotI-digested to release the assembled insert from the vector (Figure 4b ). Two out of 10 clones screened had the correct 1052 bp insert. DNA sequencing of 31 clones (including those analyzed in Figure 4b ) revealed eight clones (26%) having the fulllength product (Table 1 ). Furthermore, seven of these exactly matched the designed sequence. DNA sequencing of 14 additional clones with a full-length insert revealed six with the designed sequence. Therefore, a total of 13 out of 22 clones (59%) had the intended sequence when all 6 oligonucleotides were assembled (Table 1 ). These results demonstrate that yeast has the capacity to take up and assemble oligonucleotides that are as long as 200 nucleotides in length and can fill gaps that are as long as 160 bases. These results also demonstrate that the success of obtaining clones with the intended DNA fragments can be increased when higher fidelity DNA oligonucleotides are transformed.
DISCUSSION
Oligonucleotide assembly in yeast, as described here, could be very useful in the synthesis of large DNA fragments, including genes and genomes. This study, together with our previous studies (17, 18) , demonstrates that entire genomes can be synthesized within a yeast cell beginning from a series of oligonucleotides that overlap by as few as 20 nucleotides. And, the genomes can be built following just three rounds of yeast transformation. The limits of DNA uptake and recombination have not been fully explored. It may already be possible that yeast has the capacity to assemble tens of kilobases of DNA sequence in one transformation event from 100 or more ssDNA oligonucleotides. Using longer oligonucleotides ( Figure 4 ) or annealing complementary adjacent oligonucleotides prior to in vivo assembly may be viable approaches for producing longer DNA fragments in a single step, especially if the number of pieces taken up by a yeast cell becomes a limiting factor. Indeed, it is very likely that many of the overlapping oligonucleotides become annealed outside the yeast cell during the transformation procedure. This is especially likely once the molecular crowding agent, polyethylene glycol, is added. The oligonucleotides each contain 20 bp overlaps and were assembled into a vector to produce a 1100 bp synthetic DNA fragment. The terminal oligonucleotides overlap the vector (grey) by 20 bp (red x). One hundred sixty nucleotide gaps (green) were repaired inside the yeast cell. (b) NotI restriction analysis of 10 E. coli clones containing synthetic DNA fragments that were assembled in yeast. Products were separated by gel-electrophoresis on a 2% E-gel. The predicted size for a complete assembly (C) is 1052 bp and is indicated by an asterisk. This analysis also revealed no assembly (N), multiple assembly (M) and partial assembly (P) of oligonucleotides.
Although oligonucleotide synthesis is drastically better than it was 40-years-ago, this process continues to produce a fraction of unintended DNA sequence (Table 1) , which will be more prevalent in longer synthetic DNA fragments. The synthesis error-rate for the assembly of oligonucleotides 1-38 u is 0.181% and 0.249% for the assembly of 1-28g (Table 1 ; based on data from Supplementary Tables S6 and S7 ). This is comparable to previously reported data obtained with in vitro protocols (25, 26) . The use of high-fidelity oligonucleotides (Ultramers, IDT) reduced the error rate to 0.054% (Table 1 ; based on data from Supplementary Table S8 ), which is only slightly higher than what can be achieved with error-correction methods (26) . Since the error-rate of oligonucleotide synthesis increases with size, the use of smaller high-fidelity oligonucleotides, such as 60-mers, would even further increase the percentage of correct clones obtained. The accuracy of DNA assembled by in vitro approaches would also be improved by the use of high-fidelity oligonucleotides.
Three oligononucleotide assembly schemes were designed and described here. When choosing a scheme, oligonucleotide expenses should be considered along with DNA sequencing rates. The use of high fidelity Ultramer oligonucleotides will decrease sequencing costs. However, these oligonucleotides are significantly more expensive than their lower fidelity counterparts. DNA sequencing costs can be reduced even further by sequencing only the clones that contain a full-length synthetic fragment (as determined by PCR or restriction digestion). Oligonucleotide costs can be further reduced by making use of shorter overlaps. However, longer overlaps may be preferred in instances where unique overlaps cannot be obtained by 20 bp or less. It is expected that oligonucleotide chemistry will continue to improve and soon reliably produce error-free stretches of ssDNA at a more reasonable cost. Once these advances are in place, the one-step synthesis method described here could be used to rapidly construct long DNA sequences that perfectly match the ones that are designed.
Several approaches were considered to improve the oligonucleotide assembly method described here. Yeast spheroplasts can take 2-3 days to prepare. However, it has previously been demonstrated that competent yeast spheroplasts can be prepared and stored frozen (22) . The use of frozen yeast spheroplasts would facilitate this method by having the DNA assembly host organism ready-to-go. In the transformation of oligonucleotides 1-38 u, 1-28 g and HF1ÀHF6 into both fresh and frozen spheroplasts, colonies were obtained in all cases ( Supplementary Table S9 ). Although the transformation efficiency is reduced, enough colonies are produced to allow the identification of the assembled DNA fragments in yeast. One drawback of the method described here is the 3-4-day wait-time for cloning and growing yeast clones that contain the assembled DNA constructs. In general, however, E. coli is the preferred host organism for propagating these recombined DNA molecules. Thus, it would be interesting to determine whether assembled fragments could be immediately cloned in E. coli following yeast transformation, without selection and propagation in yeast. This should be possible if the recombination efficiency is high and the assembled DNA molecules can be recovered from yeast for immediate transfer to E. coli.
Here the issue of process complexity in gene synthesis is addressed. Overlapping oligonucleotides are assembled and cloned in a single step. But, a method such as this one may also be useful when traditional in vitro assembly methods fail (likewise, in vitro approaches could be useful if this in vivo approach fails). The oligonucleotides used in gene synthesis are often optimized so that the overlapping sequences have similar melting temperatures (27) (28) (29) (30) . In the gene-synthesis experiments shown here, no effort was made to optimize the oligonucleotide sequences. For example, in the assembly of oligonucleotides 1-28 g, the melting temperatures at the overlaps differed by as much as 16.8 C ( Supplementary Table S10 ). Furthermore, many of the oligonucleotides used in this study had complete homology to yeast genomic sequences. Assembly of synthetic DNA sequences with oligonucleotides having strong homology to the yeast genome can be explained by the preference for homologous recombination at free ends of DNA (31) . Living biological cells carry out an extraordinary amount of processes that cannot be duplicated elsewhere. Chemical synthesis in yeast from overlapping oligonucleotides is likely no exception. Interestingly, in the assembly of the six 200-mer oligonucleotides (Figure 4) , 44% of the DNA fragments are synthesized by yeast (960 of 2200 nucleotides are added in vivo).
The work described here extends beyond gene synthesis and may be applicable to other schemes in yeast that utilize oligonucleotide transformation for gene knockouts or manipulations (14, 32) and linker-mediated recombination (16) . It could also be useful for creating combinatorial libraries and for selecting a particular phenotype in yeast.
